Background and Purpose-Endothelins (ETs) are potent vasoconstrictors and may play a role in the pathophysiology of several diseases. Limited and controversial data exist on their role in human ischemic stroke. We planned a prospective, observational, and longitudinal clinical study to test whether ET-1 levels increase in various phases of ischemic stroke and whether the ET-1 levels correlate with neurological scores, stroke etiology, stroke risk factors, or final outcome. Methods-We measured plasma ET-1 levels with a sandwich-enzyme immunoassay method in 101 consecutive patients with ischemic stroke on admission and 1 week, 1 month, and 3 months after stroke and in 101 sex-and age-matched control subjects. At each sampling, the patients underwent a complete neurological evaluation. All stroke risk factors were recorded, an array of laboratory tests were performed, and the subtype of ischemic stroke was determined. The patients were contacted 3 years later for prognostic determination. Results-ET-1 levels in patients (2.4Ϯ1.3 pg/mL on admission, 2.2Ϯ1.4 pg/mL at 1 week, 2.1Ϯ1.4 pg/mL at 1 month, and 2.1Ϯ1.2 pg/mL at 3 months) were not different from those of the control subjects (2.2Ϯ0.9 pg/mL) at any time point.
ndothelins (ETs) are potent vasoconstrictors that are present in several species, including humans. ETs act through specific receptors with at least 2 distinct types: ET A and ET B . ET A receptors are present on vascular smooth muscle cells and mediate vasoconstriction, whereas ET B receptors are located on endothelial cells and mediate endothelium-dependent vasodilatation. 1 ETs participate in the pathophysiology of a number of diseases, mainly as a result of potent vasoconstrictor effects. 2 Increases in plasma ET levels occur in various animal models of global and focal ischemia, 1 suggesting a role of ET in cerebral ischemia, but this issue is controversial.
Several studies in stroke patients have found elevated levels of ET-1 in various subtypes and phases of brain infarction, [3] [4] [5] [6] although contradictory results have also been presented. 3, [7] [8] [9] The relationship among plasma ET-1 levels, pathogenesis of stroke, recurrence of thromboembolic events, and death remains unclear. Several studies on ET-1 levels in ischemic stroke patients have been published, with a small number of patients (nϭ2, 7 9, 3 12, 8 16, 4 26, 9 37, 5 and 59 6 ), and the design of the studies has not encompassed the determination of ET-1 levels at the acute stage, 4, 6, 8 nor have the studies included long-term follow-up 4, 5, 8, 9 or specific neurological assessment of the patients. 6, 8 In some studies, ET-1 levels were measured in cerebrospinal fluid (CSF), 3, 7, 9 and in others, levels were measured in plasma. 4 -6,8,9 Some investigators used radioimmunoassay measurements, [3] [4] [5] 8, 9 whereas others used the enzyme immunoassay method. 6, 7 We planned a prospective, observational, and longitudinal clinical study to describe the plasma ET-1 levels as measured with enzyme immunoassay in the acute and convalescent phases of 101 consecutive patients with ischemic stroke and of 101 sex-and age-matched volunteers. We also tried to determine whether age, sex, stroke risk factors, or etiology has an effect on ET-1 and whether any changes in the ET-1 levels may emerge as clinically useful for the diagnosis, prognosis, or prediction of thromboembolic recurrence in ischemic stroke patients.
Subjects and Methods
One hundred one consecutive patients with clinically and radiologically proved brain infarction who were admitted to Helsinki University Central Hospital in 1994 were included in the study. All subjects gave informed consent. The study was approved by the Ethics Committee and was carried out according to the principles of the Declaration of Helsinki and the institutional guidelines. Patients who were unable to give informed consent or who refused to participate and those who were unlikely to survive were excluded. Probability of survival was decided on clinical grounds. Three patients died during the 3-month study period and are excluded from the study. An equal number of control subjects matched for sex and age were selected from patients referred to the Outpatient Clinic of the Department of Neurology; individuals were excluded who had a history suggestive of atherothrombotic or hematological disease. The patients underwent a neurological examination on admission (within 2 days after the stroke) and at 1 week (7Ϯ1 days), 1 month (30Ϯ3 days), and 3 months (90Ϯ7 days). The National Institutes of Health Stroke Score, Scandinavian Stroke Scale, and Glasgow Coma Scale (GCS) were performed at each time point, and the Barthel Index, Modified Rankin Score, and Mini-Mental State Examination were performed at 3 months only. Risk factors for stroke were elicited from the patient's history, physical examination, previous hospital records, laboratory tests, and family members' reports. Classification of cerebral infarction was made according to the Trial of Org 10172 in Acute Stroke Treatment criteria. 10 The 3-year follow-up was conducted by telephone, and in case of a recurrent thromboembolism, hospital records were reviewed.
Fasting blood samples were collected without venous stasis from an antecubital vein via a 19-gauge scalp vein needle on admission (within 2 days after the stroke) and at 1 week (7Ϯ1 days), 1 month (30Ϯ3 days), and 3 months (90Ϯ7 days). Sex-and age-matched (Ϯ4 years) control subjects underwent blood sampling once. All blood samples were collected between 8 and 10 AM to overcome any possible circadian effects. The ET-1 concentration of human plasma samples was quantified with the use of a commercially available sandwich-enzyme immunoassay kit (R and D Systems) after extraction as described previously. 11 The ET-1 molecule has 2 termini: 1 N terminus with a rigid structure with 2 disulfide bonds and a C-terminal hexapeptide consisting of relatively hydrophobic amino acids. It is predictable from the amino acid sequences of ETs and big ETs that an antibody to the N-terminal portion of ET-1 will cross-react with big ET-1 and possibly with ET-2 and that an antibody to the C-terminal portion of ET-1 will cross-react with ET-2 and ET-3. When 2 antibodies are used (1 for each terminus), the method allows for recognition of a specific molecule with much higher accuracy. Because sandwich-enzyme immunoassays consist of 2 antibodies, they have higher specificity than conventional radioimmunoassays. 12 Plasma samples were thoroughly mixed with 1.5 volumes of acetone/water/1 mol/L HCl (40:5:1 [v/v/v]) and centrifuged at 3000 rpm for 20 minutes. The supernatant was decanted and dried down under reduced pressure in a centrifugal evaporator (Savant Instruments). The pellet was reconstituted in one fourth the initial plasma volume of a diluent buffer and allowed to redissolve overnight at 4°C. The samples, which included standards in buffer and reconstituted extracts of the quality control and test samples and an enzyme (horseradish peroxidase)-labeled second anti-ET-1 antibody, were sequentially added to a 96-well microplate precoated with an anti-ET-1 antibody. After 6 hours of incubation at 4°C and the removal of unbound materials, the amount of enzymeconjugated tracer bound to the wells was detected through reaction with a substrate specific for the enzyme. The reaction product was measured by reading the absorbance at 450 nm with a correction wavelength of 650 nm. The assay is sensitive to detect as little as 0.2 pg/well ET-1 (C. Lanni, unpublished observation). A standard curve was determined with the use of the mean absorbance values of the included ET-1 standards, and the ET-1 concentration in all unknown plasma samples was then calculated with linear regression. All standards and samples were tested in duplicate. The standard (calibrator) curves for our batches ranged from 96% to 100% of theory over the range of 0.9 to 60 pg/mL, allowing virtually 100% of the human ET-1 measured in the samples. Blood glucose, total cholesterol, HDL-cholesterol, and triglyceride levels were determined in serum 3 months after stroke.
Statistical Analysis
The values given are median and meanϮSD. ET-1 levels for the patients at different time points and for the control subjects were compared by Wilcoxon's matched pairs signed rank sum test, with correction for multiple comparison. Correlation between the ET-1 levels and the neurological scores was calculated by Spearman's rank correlation. Patients with and without a particular risk factor, as well as patients with and without a recurrent thromboembolic disease, were compared with the Mann-Whitney U test. Patients categorized by different causes of stroke were compared with Kruskal-Wallis ANOVA. Significant findings in Kruskal-Wallis analysis were studied further with ANCOVA. A 2-tailed value of PϽ0.05 was considered statistically significant.
Results
Of the 101 patients (age 63.1Ϯ12.2 years), 64 were men (63.3Ϯ11.2, range 28.0 to 88.0 years) and 37 were women (62.6Ϯ14.0, range 27.0 to 83.0 years). In the control group (101 subjects, age 64.3Ϯ12.3 years), the age distribution was 65.1Ϯ11.4 years for men (range 32.0 to 85.0 years) and 63.0Ϯ13.7 years for women (range 26.0 to 81.0 years). All patients completed the study protocol. All patients received either antithrombotic drugs or warfarin after the stroke. Twenty-nine thromboembolic episodes occurred in 29 patients during the next 3 years. The neurological scores are summarized in Table 1 .
ET-1 levels of the stroke patients at 4 different time points and of the control subjects are given in Table 2 (PϾ0.05 for all time points). Among the factors that have potential to correlate with ET-1 level (sex; age; cause of brain infarction; body mass index [BMI]; serum triglyceride, serum total cholesterol, LDL-cholesterol, and HDL-cholesterol levels; presence of diabetes, hypertension, or sleep apnea; and smoking), only HDL-cholesterol and BMI appeared to be significant. BMI showed a positive correlation with ET-1 level (Pϭ0.05, 0.02, 0.4, and 0.06), and HDL-cholesterol showed a positive correlation with ET-1 level only at 3 months (Pϭ0.05). These data are summarized in Table 2 . Patients receiving anticoagulant treatment (warfarin) had significantly higher ET-1 levels at 1 and 3 months (Pϭ0.1, 0.3, 0.009, and 0.03, respectively). We found a significant positive correlation between the ET-1 level and GCS only on admission (Pϭ0.05), but no correlation was found between the ET-1 levels and the other neurological scores (National Institutes of Health Stroke Score, Scandinavian Stroke Scale, and GCS at any time point and Barthel Index, Modified Rankin Score, and Mini-Mental State Examination at 3 months) (data not shown). ET-1 level at 3 months after stroke did not predict recurrent thromboembolic events; it was 2.0Ϯ1.3 pg/mL (median 2.3, range 0.0 to 4.8 pg/mL) in patients with recurrent thromboembolic events (nϭ29) versus 2.1Ϯ1.2 pg/mL (median 2.3, range 0.0 to 4.4 pg/mL) in patients without a recurrence (nϭ72, PϾ0.05).
Discussion
Since the description of ETs by Yanagisawa et al, 13 ETs have been shown to be potent constrictors of arteries. ET-1 could be involved in the pathogenesis of cerebrovascular diseases because of its strong and long-lasting vasoconstrictor effect. Even though we could not demonstrate an increase in plasma ET-1 levels in the acute phase of ischemic stroke, 3 studies reported beneficial effects of various ET-1 antagonists in cat and rat models of focal cerebral ischemia. 14 -16 These results suggest a deleterious role for ET-1 in ischemic stroke mediated by its vasoconstrictor or by other effects, at least in experimental stroke.
At the acute stage, ET-1 levels were reported as either elevated [3] [4] [5] [6] or normal. [7] [8] [9] In the chronic phase, the ET-1 levels were increased. 6 In our patients, plasma ET-1 levels were not significantly elevated at any time point after stroke. Our results are in disagreement with several previous studies. 4 -6,17 It was found 18 that ET-1 acts in cerebral vessels from the adventitial but not from the luminal side. ET-1 activity is likely to be much higher at the interface of the endothelium and smooth muscle than in plasma. 19 It is possible that increased local production of ET-1 may not be correctly detected in peripheral blood. This is consistent with the hypothesis that ET-1 is a local regulating factor. 20 There is 1 study that demonstrated a significant correlation between plasma ET activity and age, 6 whereas several others did not show any difference by age. 19, 21, 22 Sex hormones may modify ET-1 activity, as determined in several studies. 20, [23] [24] [25] In the present study, ET-1 level did not show significant correlation with sex. The fact that 64 of 101 patients were males and that most female patients were postmenopausal in our study was a mere coincidence. The relationship between ET-1 activity and known risk factors for stroke has been addressed in numerous studies. Significant positive correlation was reported between cholesterol and ET-1 levels. 20, 26 The elevation of plasma ET-1 activity observed in hypercholesterolemic patients even without atherosclerotic lesions may reflect an endothelial dysfunction. 26 In the present study, low HDL-cholesterol level showed a significant positive correlation with ET-1 level at 3 months only, which probably was a coincidence. Arterial hypertension is a central risk factor for stroke and correlated with ET-1 levels in earlier studies, [27] [28] [29] [30] although perfectly normal ET-1 levels were also observed. 20, 31, 32 An association of ET-1 level with diabetes was considered positive and strong, 22, 33 but in other studies, 21, 34 no correlation was observed at all. It is possible that the release of ET-1 may be stimulated by insulin in a concentration-dependent manner. 35 In general, the type and duration of diabetes, as well as the efficiency of antidiabetic treatment, may represent a confounder. Diabetes is usually aggressively treated in the Helsinki region, which might explain the lack of significant correlation between plasma ET-1 levels and diabetes. In addition, body weight is equivocally associated with ET-1 level. 22, [35] [36] [37] The mechanisms responsible for elevated plasma ET-1 levels in obese subjects remain unknown; this may be related to insulin resistance and hyperinsulinemia. 38 In our study, ET-1 level showed a significant positive correlation with BMI on admission and at 1 week and a slight correlation at 3 months. The positive relationship between the effect of current cigarette smoking and ET-1 levels has been proposed to reflect the damage to the endothelial cells. 39, 40 The ET-1 level in patients with sleep apnea was investigated recently 41 ; elevated ET-1 levels were found in patients with sleep apnea who did not have any other disease that may be associated with elevated ET-1 levels. It is possible that elevated ET-1 levels are caused by endothelial dysfunction in pulmonary and systematic vasculature. In our study, ET-1 level did not correlate with sleep apnea.
Pathogenetic mechanisms may differ in various stroke subtypes. Lampl et al 9 found that ET-1 levels were significantly higher in the CSF of patients with large cortical infarctions than in patients with smaller subcortical lesions. Patients with acute cardiogenic cerebral embolism also had significantly higher plasma ET-1 levels than others. 6 These findings are in disagreement with the data reported by Estrada et al, 5 who did not find a correlation between plasma ET-1 levels and the cause of stroke. Our results did not indicate any relationship between plasma ET-1 levels and cause of stroke. The higher plasma ET-1 levels in patients with cardioembolic stroke reported in previous reports may be explained by warfarin use, as was shown to occur in the present study.
Plasma ET-1 level is an independent prognostic indicator of cardiovascular mortality rates and is strongly related to longterm outcome after myocardial infarction. 42, 43 Ziv et al 4 reported that ET-1 level in stroke patients with more severe neurological impairment tended to be higher than that in the patients with a milder disorder. Hamann et al 8 found a significant correlation between a poor clinical outcome and a high ET level. Estrada et al 5 suggested that ET-1 level could be considered as a marker of disease severity in acute ischemic stroke. In our study, no correlation was found with stroke severity, stroke outcome, or risk of thromboembolic recurrence. We originally expected much higher ET-1 concentrations in the plasma of our patients, but why ET-1 levels in stroke patients were not different from those of the control subjects may be due to the following factors: the first blood samples were usually taken between 24 to 48 hours after the stroke, thus missing the hyperacute phase. In subarachnoidal hemorrhage, the ET-1 levels reached their maximal levels several days after the insult, 44 but the temporal sequence of plasma and CSF ET-1 level changes in ischemic stroke is not yet established. The patients included to this study were in better condition than average stroke patients (to ensure long-time survival), introducing a bias toward normality. Most of our patients had small to medium-sized infarctions. ET levels may be higher in patients with severe strokes associated with extensive brain tissue necrosis. 5, 8 Coincidentally, the study population was male dominant. However, our work is the largest, most detailed, and most uniform study to measure plasma ET-1 levels in ischemic stroke patients. ET-1 is released to the abluminal side of the vasculature; consequently, plasma ET-1 levels probably do not accurately reflect the true magnitude of ET-1 level increase. Measurement from the CSF during the hyperacute phase may deliver more accurate results, but such an approach raises ethical questions and would not be universally suitable in clinical practice.
Despite these limitations, we can conclude that plasma ET-1 levels do not correlate significantly with neurological scores, with the cause of stroke, or with the risk factors for stroke, and they do not predict recurrence of thromboembolic events. Warfarin use may have a significant effect on ET-1 levels, but the mechanisms underlying this possible relationship remain unclear. Clinically, the measurement of plasma ET-1 levels did not yield useful information for the evaluation of stroke patients in this study, such as suggesting a cause, estimating the risk of recurrence, or guiding secondary prevention. Our results, however, should be interpreted with caution and cannot completely exclude a role for ETs in the pathophysiology of ischemic stroke.
